Summary. Recent studies of non-linear magnetoconvection are used to show that the observed properties of umbral dots can be explained if they are produced by oscillatory convection in the umbrae of sunspots. The overall magnetic field is assumed to be coherent within the flux tube underneath the sunspot. Individual convection cells are about 1500 km deep and 300 km in diameter. The oscillations are highly non-linear, with periods of around 6 hr, but the relatively vigorous upward motion that is responsible for umbral dots lasts for only a fraction of this lifetime. This model is compared with various alternative hypotheses.
Introduction
Magnetic fields in sunspot umbrae are strong enough to suppress overturning convection but allow oscillatory convection to occur (Cowling 1976a; Weiss 1977; Priest 1982) . Umbral dots are small bright features with photospheric temperatures that apparently have a convective origin; their radii are about 1 per cent of that of the umbra and they have lifetimes of about 25 min (Beckers 1981) . They may be explained either as overstable oscillatory convection (Danielson 1964 (Danielson , 1965 or as a result of convective motions penetrating into the photosphere from some deeper level (Obridko 1974; Parker 1979b) : in either case motion should be predominantly vertical, parallel to the magnetic field, in columns extending vertically over 1000-2000 km. Recent improvements in high-resolution observations (Loughhead, Bray & Tappere 1979; Bumba & Suda 1980; Adjabshirzadeh & Koutchmy 1980 Koutchmy & Adjabshirzadeh 1981) , together with developments in our understanding of non-linear magnetoconvection (Proctor & Weiss 1982) make it opportune to look more closely into the origin of umbral dots. In this paper we argue that they can be explained as a product of non-linear oscillatory convection in a magnetic field.
The question of the origin of umbral dots has lately attracted considerable attention (Maltby 1981; Moore 1981; Spruit 1981a, b; Thomas 1981) because it is related to a more fundamental issue, the structure of the magnetic field beneath a sunspot. Here there are E. Knobloch and N. O. Weiss two competing pictures. In the conventional model the field extends downwards as a monolithic plug, possibly to the base of the convective zone (Cowling 1953; Meyer et al 1974) . If this picture is correct, umbral dots are most likely to be caused by oscillatory convection immediately beneath the umbra; unfortunately the time-scales (of around 1 min) obtained from linear theory are scarcely compatible with observations (Danielson 1964) . Parker (1979a) has recently proposed an alternative cluster model in which the magnetic flux separates into many isolated tubes beneath the umbra so that the magnetic structure floats like a photospheric jellyfish at the top of the convective zone. This cluster model provides a natural and attractive explanation for the umbral dots: oscillatory convection in the field-free regions between the separate tubes penetrates to the surface and produces local heating (Parker 1979b) . Indeed, Zwaan (1981) has asserted that the 'very existence (of umbral dots) suggests that a spaghetti sunspot model is a more promising idea for the deep sunspot structure than the single-flux-tube model'. In what follows, we shall explore both possibilities and relate the observations to current theoretical understanding.
The outline of the paper is as follows. In the next section we summarize the most important observations. Then, in Section 3, we compare the two sunspot models and conclude that the latest observations favour the traditional picture. In Section 4 we use results obtained in recent studies of non-linear magnetoconvection to show that highly non-linear oscillations could match the spiky time profiles that are observed in umbral dots The relationship between lifetimes and horizontal spacing is discussed in Section 5. In Section 6 we relate umbral convection to umbral oscillations and the generation oi magneto-atmospheric waves (Thomas 1981 (Thomas , 1983 . Finally, we conclude that umbral dots can indeed be explained as a manifestation of non-linear oscillatory convection within 2 more or less uniform magnetic plug.
Observations
Bray & Loughhead (1964) describe early ground-based observations but the dot-like structure only became apparent when results from balloon flights were available (Danielsor 1964; Krat, Karpinsky & Pravdjuk 1972) . In the last few years high-resolution observation from the ground have finally established that umbral dots are present (with varying degree: of contrast) throughout the umbrae of all spots (Loughhead et al. 1979; Bumba & Sudi 1980; Koutchmy & Adjabshirzadeh 1981) . Thus it is no longer possible to dismiss umbra dots as sporadically occurring curiosities; instead one must investigate their contributioi towards the overall heating of the umbra.
Individual dots cannot be resolved but their brightness and their colour can b< measured. Hence their temperature (approximately photospheric) and average diamete (160-190km) can be estimated (Beckers & Schröter 1968; Beckers 1969 Beckers , 1981 Koutchnr & Adjabshirzadeh 1981; Adjabshirzadeh & Koutchmy 1983) . At any instant they ar< spaced approximately 900 km apart (Bumba & Suda 1980 ) and occupy about 5 per cen of the total area of the umbra. Adjabshirzadeh & Koutchmy (1980) made careful measure ments of the energy flux, F, as a function of time for 14 individual umbral dots, and founc that their results could be fitted by curves of the form
where the dimensionless time 7= til and r« 1350 s and F 0 is a measure of the maximun flux. Fig. 1 shows the variation of the normalized flux (F 0 « 1.657) with time as given b; (1). Note that there is a rapid rise followed by a relatively slow decay: thus there are tw< t Figure 1 . Variation with time of the normalized energy flux F from an individual umbral dot. The curve, given by equation (1), is derived from observations and At is the full width at half maximum.
time-scales associated with an umbral dot. The lifetime of the bright emission feature, At = fAf « 1500 s, is given by the full width at half-maximum, as shown in Fig. 1 ; this value is consistent with earlier results (Danielson 1964; Beckers & Schröter 1968) . The total lifetime of the feature, defined as the interval r during which the energy flux remains above the umbral background, is much longer. Adjabshirzadeh & Koutchmy (1980) found that r > 1 hr, so that the ratio Ar/r < 0.42.
The vertical velocity in umbral dots is small and difficult to measure (Beckers 1977 (Beckers , 1981 . Beckers & Schröter (1969) succeeded, however, in finding a blueshift corresponding to upward motion and Beckers (1969) measured an unambiguous correlation between brightness and upward velocity in umbrae. Such a correlation offers conclusive proof that umbral dots have a convective origin. Morphologically, the dots are quite different from normal photospheric granulation (Loughhead et al. 1979; Bumba & Suda 1980) but it is not surprising that the appearance of convective features is altered by a strong magnetic field. One might expect the field strength to be locally reduced in regions with upflow and enhanced brightness: earlier observations are uncertain (Beckers 1981; Spruit 1981b) but Adjabshirzadeh & Koutchmy (1983) find that the vertical field is indeed reduced, by at least 250 G, in umbral dots.
Sunspot models
Any theoretical explanation of umbral dots must be related to some model of the overall magnetic structure of a sunspot. So we have to look in more detail at the models that were described in the introductory section. Since we are concerned with fine structure in the umbrae there is no need to consider the effect of large-scale (e.g. super-granular) convective motion on the magnetic field beneath a sunspot. In what follows we shall only be concerned with depths that are less than the diameter of the umbra, so that the distance below the photosphere, z, is less than 15 000 km.
The conventional model has been elaborated by Meyer et al. (1974) , who distinguished between two zones. The nature of convection in the presence of a strong magnetic field depends critically on the ratio f of the magnetic to the thermal diffusivity (Proctor & Weiss 1982) . Throughout most of a star f <1 and small-scale oscillatory convection is preferred; for 2000 km < z < 20000 km, however, the thermal diffusivity is reduced, owing to the increase in opacity caused by ionization and f > 1 (Meyer et al. 1974; Spruit 1977) .
Thus there is an upper zone (0 < z < 2000 km) where locally generated convection should lead to finite-amplitude oscillatory motion in vertically elongated cells. Beneath this lies a zone where local overturning motions can occur (cf Staude 1978) . Convection may be unsteady, though oscillations will not be produced, and vigorously rising plumes may succeed in penetrating through the upper layer to the photosphere (Obridko 1974; Meyer et al. 1974) . So far there has been no detailed investigation of umbral dots within the framework of this model. Parker (1979b) suggests that 'those who favour the idea that the field of a sunspot remains in a single homogeneous flux tube below the surface may be interested in developing the theory to account for the ubiquitous umbral dot' but doubts whether 'the thing can be made to work'.
The notion of a sunspot as a cluster of individual flux tubes first arose from observations showing inhomogeneous magnetic fields in the umbra (Severny 1965; Abdusamatov &Krat 1969) . Since then the model has been developed in more detail (Gokhale & Zwaan 1972; Obridko 1974; Parker 1979a) . At depths of order 500-1000 km the apparently uniform umbral field splits into a bundle of slender flux tubes, separated by field-free gas. Parker (1979b) points out that hot field-free gas can easily penetrate to the surface forming umbral dots. This process is encouraged by convective overstability; indeed, it provides so natural an explanation for umbral dots that their existence can be adduced as evidence in favour of the cluster model.
Yet there are some observations that support the conventional model, with a single monolithic flux tube. First of all, the umbral dots appear as isolated bright points set in the dark background of the umbra (Bumba, Hejna & Suda 1975; Bumba & Suda 1980; Koutchmy & Adjabshirzadeh 1981) . Hot field-free gas, penetrating between the flux tubes, should form a bright network, outlining the individual tubes. Had such a network been observed, it would have provided a powerful argument in favour of the cluster model. The morphological evidence is, however, inconclusive. There are some hints that dots may line up into rings or chains (Krat et al. 1972; Adjabshirzadeh & Koutchmy 1980 ) and the bright points might correspond to regions of exceptionally vigorous penetration, at junctions in the network.
Recent measurements of 5-min oscillations in a sunspot umbra provide a stronger argument. Thomas, Cram & Nye (1982) found several peaks in the power spectrum, indicating the presence of four individual modes. Such modes can only exist if the sunspot has enough unity to maintain coherent oscillations. Thomas et al. (1982) interpret the modes as a response to forcing by the (effectively continuous) spectrum of p-modes in the normal atmosphere. The discrete frequencies can then be used to probe the structure of the sunspot and they estimate that at a depth of 10000 km the radius of the flux tube is about 60 per cent of that of the umbra. The precise value is uncertain but the presence of discrete modes in the spectrum seems to require a coherent magnetic structure down to a depth of several thousand km at least. That is incompatible with the cluster model, though small-scale inhomogeneities are not precluded.
As a consequence of these observations we must return to the traditional model, with a single flux tube. This model is also favoured by stability considerations (Meyer, Schmidt & Weiss 1977) and can account for the observed profile of average field strength across a spot (Schmidt & Wegmann 1983) . In the rest of this paper we take up Parker's (1979b) challenge and attempt to explain the origin of umbral dots.
Non-linear magnetoconvection
Most previous studies of convection in a sunspot have nad to rely on linear theory. In the last few years analytical and computational investigations have led to an increased under-standing of non-linear behaviour which can be very different. In this section we use numerical studies of two-dimensional magnetoconvection (Weiss 1981a, b, c) as a guide in order to predict the pattern of convection in the flux tube beneath a sunspot umbra. For further details the reader is referred to the review by Proctor & Weiss (1982) .
So far, numerical experiments have been confined to highly idealized configurations. Let us consider an electrically conducting Boussinesq fluid occupying a plane horizontal layer of depth d that is heated uniformly from below, in the presence of a vertical magnetic field. Such a configuration is characterized by four dimensionless parameters. The temperature difference AT 7 across the layer is described by the Rayleigh number, R= gaATd 3 /KV, and the (externally imposed) magnetic field B 0 is described by the Chandrasekhar number, Q = Bq d 2 1ppr}v. The ratios of the magnetic diffusivity, 17, and the viscous diffusivity, v, to the thermal diffusivity, k, yield the Prandtl numbers $ = r¡ln and o -v/k . Here g is the gravitational acceleration and p, a are the density and coefficient of thermal expansion of the fluid. We shall restrict our attention to convection in twodimensional rolls and suppose that each roll has width Xd; the qualitative features that we find will carry over to three-dimensional configurations too (cf Galloway & Moore 1978) . In all geometries the form of the convective motion depends critically on whether f is greater than or less than unity (Cowling 1976b ). We first consider steady motion. The static state is unstable to exponentially growing modes for R> R^e\ where R^ = R 0 + n 2 (l+\ 2 )Q and AE 0 = ^(l + ^2) 3 M 4 is the critical Rayleigh number in the absence of a magnetic field. At R^ R^ a branch of steady solutions bifurcates from the static, conductive solution. When X = 1 and f is sufficiently small, subcritical steady convection can occur. This is illustrated in Fig. 2(a) , where the Nusselt number, N= Fd/nAT is plotted as a function of the Rayleigh number. Here Fis the total thermometric flux, so TV measures the dimensionless heat flux and TV =1 in the absence of convection. When Q^lOn 2 and f = 1/5 there are stable steady solutions for (and oscillatory solutions, not shown in the figure, exist even for R < T^min)-Subcritical steady convection occurs because magnetic flux can be confined to isolated sheets, from which the motion is excluded (Weiss 1981a) and that is only possible when f < 1. For f > 1 the bifurcation at R^ is always supercritical: there are no oscillations R / R C , R / R 0 Figure 2 . Heat flux (measured by the Nusselt number N) as a function of Rayleigh number R for twodimensional magnetoconvection. Solid curves denote stable solutions; broken curves represent unstable solutions and are conjectural, (a) Steady solutions with Q = 10rr 2 , a = 1/5, X-l. For f = l/5 subcritical steady convection can occur but for $* = 5 the bifurcation is supercritical and R increases monotonically along the branch, (b) Oscillatory and steady solutions for Q = 62.5ti\ A = 1/2 and a = $* = 1/5. Both time-averaged and maximum values of N are shown on the oscillatory branch, which extends from R (0 Uo R max > R(e\ and steady solutions are found only ïoi R> RFig. 2(a) shows the branch of steady solutions with f = 5, In these runs there is no segregation of magnetic flux: the thermal plumes are contained within the flux sheets, which are penetrated by the circulation. Thus the whole pattern of convection is very different when f > 1 • Oscillatory convection occurs only if f < 1 and Q is sufficiently large. Then a branch of oscillatory solutions bifurcates from the static solution at R = R^ <R^. For large ß, oscillatory convection first sets in with X < 1. Fig. 2(b) shows the oscillatory and steady solutions branches for ß = 62.57r 2 , X = l/2 and f = l/5: the oscillatory branch extends over the range R^ < R < R m2LX , where ^max >^^ an d stable steady solutions exist only for R> R m i n > R^. The period of the oscillations increases along the oscillatory branch, and is very long when the oscillatory branch becomes unstable at AE = ^max (Knobloch & Proctor 1981; Knobloch, Weiss & Da Costa 1981) . At the same time the form of the oscillations changes too. Near the bifurcation at R^ the oscillations are almost cosinusoidal, with period P, so that (TV-l)occos47ri/P and the interval between successive maxima in the energy flux is 1/2P. For R near R^, therefore, the full width at half-maximum Àr= 1/4P. As R increases along the oscillatory branch the solutions remain periodic but change in form to become more obviously non-linear. Fig. 3 shows the variation of the energy flux with time for a run with R = 3.9R 0 : the two curves give the Nusselt number TV, evaluated half-way up the layer and at the top. These solutions show that the convective energy flux rises rapidly to a maximum and then falls more gradually to a minimum, so that Ar/P<l/4. In fact, Ar/P«0.15 at the top and At/P ^ 0.12 half-way up the layer. It can be shown analytically that such spiky profiles are to be expected when the bifurcation pattern resembles that in Fig. 2 (b) (Knobloch & Proctor 1981) . Furthermore, there may be a transition from periodic to aperiodic (chaotic) behaviour near the end of the oscillatory branch (Weiss 1981a; Knobloch & Weiss 1983) . Even in the moderately non-linear regime that is accessible to numerical investigation, solutions are qualitatively different from the eigenfunctions of the linear problem (which actually predicts monotonie growth, with real eigenvalues, for the case shown in Fig. 3 ). In order to describe convection underneath a sunspot we have to extrapolate boldly from the results of model calculations such as those described above. For depths t Figure 3 . Variation of heat flux with time over half a period for two-dimensional magnetoconvection with £? = 62.57t 2 , R = 3.9R 0 , \ = l/2, <7 = 1/5. The curve with the higher maximum gives TV measured half-way up the layer; that with the lower maximum gives TV at the upper (or lower) boundary. z > 2000 km the magnetic pressure within a flux tube with a field of 3500 G is less than 2 per cent of the external gas pressure. Hence the properties of the gas are essentially similar inside and outside the flux tube. In particular, k < r? for z > 2000 km (Meyer et al. 1974; Spruit 1977) : in this lower region (extending to a depth of about 20000 km) f rises to a value of about 40. We shall be concerned with convective motion at depths of around 3000km, where f = 5. It is known from sunspot models that a substantial amount of energy has to be carried by convection (Schlüter & Temesvary 1958; Chitre 1963; Deinzer 1965; Yun 1970) . Within the flux tube, the pattern of convection must resemble that found on the supercritical branch in Fig. 2(a) . Thus we expect to find overturning motion although the lifetime of an individual cell will be comparable with the turnover time. The magnetic Reynolds number will be large and so the field will be distorted by the flow. Since f > 1, we cannot expect to find isolated flux ropes from which the motion is excluded. At any instant, the field strength will vary with position in the flux tube but there will be no segregation of the field from the flow. The time-averaged field will therefore vary smoothly across the flux tube.
According to linear theory convection still sets in with vertically elongated cells when f > 1; however, in order to transport the requisite amount of energy the Rayleigh number will be highly supercritical. In this non-linear regime the preferred aspect ratio will be of order unity (Proctor & Weiss 1982 ). Hence we expect the horizontal scale of the cells to be of the order of the local density scale height, which is about 1000 km. The convective heat transport
where c p is the specific heat at constant pressure and w, 6 are typical values of the velocity and of the potential temperature difference across a cell respectively (cf Meyer et al 1974 where the subscripts indicate values in the field-free region outside the flux rope. Hence
since the superadiabatic gradient is bound to be greater in the flux tube. At this level, a typical value of w 0 , derived from mixing length theory, is 600 ms" 1 so we have an upper bound of about 100ms" 1 for the convective velocity within the flux tube. Taking w « 100ms" 1 we obtain a turnover time, Idjw (and hence a lifetime) of about 6hr for these convective cells.
In the upper layer, the value of f increases monotonically from a minimum of order 10" 5 at the undisturbed photosphere to unity at around 2000 km depth. In this layer, we may take f ~ 10" 2 and Q ~ 10 14 , and the pattern of convection will therefore be quite different from that at greater depths. The bifurcation pattern should correspond to that in Fig. 2(b) and we expect to find non-linear oscillatory convection in cells that are elongated in the direction of the (vertical) magnetic field (Weiss 1981c ). -It has long been recognized that overstable oscillations will occur in sunspot umbrae; indeed, this has provided an excuse for studying the problem in considerable detail. Many authors have applied linear theory to sunspots and estimated amplitudes or growth-rates (e.g. Chandrasekhar 1961; Danielson 1965; Musman 1967; Danielson & Savage 1968; Savage 1969; Weiss 1969; E. Knobloch and N. O. Weiss Mullan & Yun 1973; Moore 1973; Cowling 1976a, b; Roberts 1976; Parker 1978b; Spruit 1981a ). These linear calculations suggest that overstable motion can occur in cells extending from optical depth unity, corresponding to a Wilson depression of about 500 km below the normal photosphere (Giovanelli 1982) , downwards for about 1500 km. For cells that are vertically elongated, with a horizontal scale of, say, 100 km, linear theory predicts periods of about 1 min, much less than the lifetime, At, of umbral dots. As we have seen, behaviour may be quite different in the non-linear regime. In particular, the period, P, may be much greater. Moreover, in order to supply the energy that is radiated from the umbra we expect the Rayleigh number to be highly supercritical, so that solutions lie near the end of the oscillatory branch and are extremely non-linear. Then P will be large and the energy flux will exhibit a spiky profile like those in Fig. 3 . Of course, the idealized two-dimensional models that have so far been investigated cannot be used to make quantitative predictions. Non-Boussinesq effects are important in the Sun, and both upper and lower boundary conditions differ from those adopted in the model calculations. The observed properties of umbral dots are, however, consistent with what might be expected for non-linear oscillatory convection. In a three-dimensional configuration there is an asymmetry between the central and peripheral regions of convective cells, and hot gas rising along the axis of a cell penetrates more effectively into the photosphere (Zahn, Toomre & Latour 1982) . Thus individual dots should be located at the centres of convection cells and the ratio of the lifetime of a dot to the period of the oscillation will be At/P< 1/8 (cf. Fig. 3 ). It follows also that the magnetic field strength should be less in umbral dots, in agreement with the latest observations (Adjabshirzadeh & Koutchmy 1983) . Finally, we note that oscillatory convection may become intrinsically aperiodic towards the end of the oscillatory branch. Furthermore, in a sunspot, where the umbral diameter may be 10 times greater than the depth of the overstable layer, there must be many adjacent cells, whose motion will be incoherent both in space and time. It is therefore unlikely that a single umbral dot could be identified and followed through successive oscillations.
Lifetimes and horizontal spacing
If we accept that umbral dots are a manifestation of overstable convection in the layer where f < 1 then we have still to consider how these oscillations are excited. Two mechanisms are available. The oscillations may be generated locally by the superadiabatic temperature gradient in the region 500 km < z < 2000 km (e.g. Cowling 1976a, b) . There is, however, no rigid barrier between this layer and the underlying plasma and umbral dots may, alternatively, be caused by penetration of hot rising gas from convective cells at greater depths (Obridko 1974) . At first sight, the fact that the average spacing between adjacenl dots is similar to the scale-height at z ^ 3000 km makes the second mechanism seem more likely.
Umbral dots are only detectable for a fraction of their lifetime, since At < r, and so the number observed at any instant is less than the total number of cells that are present. Lei r be the average radius of an elongated convection cell in the upper layer, where f < 1 and let 2R be the average distance between umbral dots observed at any instant. Then but the observed value of At/t < 0.4 and J? ~ 450 km, so we find, from the observations, that R r (5 80 km <r < 300 km, where the inferred diameter of umbral dots provides a lower bound. The disparity between the horizontal scale in (6), for convection in the upper layer and the scale of 1000 km expected in the lower layer implies that the motion associated with umbral dots is generated locally in the upper layer. We therefore assume that umbral dots represent the most vigorous phase of the oscillatory convection that supplies energy to the umbral photosphere. In order to account for the mean umbral heat flux at depths of 1000 km or more, the Nusselt number must be of order 10 3 (Spruit 1981a) . We assume that this can be accomplished by sufficiently vigorous convection. The dots themselves only contribute about 1/7 of the total emission in the umbra. This fraction is consistent with spiky profiles of the type illustrated in Figs. 1 and 3 provided that (At/P) is sufficiently small. Indeed, we can obtain a better estimate of the period, P, of a convective cell by considering the energy budget for the umbra. We suppose that a bright umbral dot has a typical radius r d = Or(d < 1). Now the ratio of the energy radiated from dots to the total umbral radiation is where F d , 7^ are the energy flux and temperature in an umbral dot and F u , T u are the corresponding quantities for the average umbra. From (5) and (7) it follows that
We assume that l/2<9 < 1, i.e. that the dot occupies at least a quarter of the area of the cell. Then 1 At 1 -< -< -36 P 9
and so, taking At ^ 25 m, we find that 15 hr > P> 4hr. Let us adopt 8 hr as a typical period for a convective cell. Then the upward velocity w ~ 2<i/P ^ 100 ms -1 , for d ~ 1500 km. This is the upper bound for w set by Cram's observations (Maltby 1981).
Umbral oscillations
We have argued that umbral dots are caused by coherent cellular motions extending over a depth of around 1500 km, in cells with diameters of 250-300 km. Such convection is intrinsically oscillatory but the actual motion will be aperiodic and individual cells are unlikely to survive for several successive oscillations. The motion overshoots from a highly superadiabatic region into the subadiabatically stratified layer where the dots are actually observed. Immediately beneath the photosphere lies a region with thickness comparable to the local scale-height of about 200 km, where the superadiabatic gradient is very large. This region constitutes a thermal boundary layer which is unstable to small perturbations. Because the Alfvén speed V A is locally comparable with the second speed Fg, these instabilities differ in form from those at deeper levels. At depths of 1500 km, where Vi/Vi « 0.06, the destabilization of slow magneto-acoustic modes can be described within the Boussinesq approximation. Near the photosphere, where V A /Vs ^ 1, the slow magnetoacoustic mode corresponds to compressional waves with motion parallel to the magnetic field. These modes, which have no analogue in the Boussinesq approximation, can also become overstable (e.g. Proctor & Weiss 1982 and references therein). Within the unstable thermal boundary layer there will therefore be oscillatory motion with horizontal scales much smaller than the local scale-height and motion that is qualitatively different from the more organized velocities of the oscillatory convection described in Section 4. This smallscale motion contributes to the observed micro turbulent velocity of order 2 km s" 1 , with a length scale less than 30 km (Beckers 1977 (Beckers , 1981 , which provides an upper bound to the amplitude of locally generated instabilities. Time-scales associated with this small-scale motion will vary over a range much less than Ar or P. In particular, we may expect motion with characteristic time-scales around 200 s to be excited locally within the boundary layer. Such motion provides, in turn, a mechanism for exciting umbral oscillations (Mullan & Yun 1973; Moore 1973 Moore , 1982 Thomas 1981 Thomas , 1983 Thomas & Scheuer 1982; Zhugzhda & Locans 1982; Zhugzhda, Locans & Staude 1983) . The umbral oscillations are themselves explained as magneto-atmospheric waves trapped in the atmosphere above the umbra. As we have seen, they are not directly coupled to the oscillatory convection that is responsible for umbral dots.
Conclusion
Sunspots are the most striking features on the surface of the Sun but it is surprisingly difficult to explain the structure of magnetic fields underneath their umbrae. Parker (1979a, b) has made a thorough investigation of a cluster model, in which the flux rope splits into many strands immediately beneath the photosphere and umbral dots are easily explained as penetration of convection from the intervening field-free gas. Although this model has attracted considerable support (e.g. Spruit 1981a, b; Zwaan 1981) it cannot easily be reconciled with certain observations, as was shown in Section 3. We have therefore returned to the traditional picture with a more or less coherent flux tube underneath the sunspot and endeavoured to explain the origin of umbral dots.
In this paper we have shown that it is possible to provide a consistent theoretical description, in which the dots have a convective origin (although the form of motion is quite different from that seen in the normal photosphere). Our account of non-linear oscillatory convection is inevitably incomplete. In particular, investigations of compressible magnetoconvection have scarcely entered the non-linear domain. Further, more detailed observations are also needed as a guide to future theoretical developments. We nevertheless believe that the available information (both observational and theoretical) is compatible with a model in which monolithic flux tubes extended downwards below sunspots. This paper has only been concerned with the magnetic field immediately beneath a sunspot. However, the systematic motions of sunspots, and their variation with the solar cycle, both suggest that coherent fields may perhaps extend even to the base of the convective zone.
